Multiple neuronal systems contribute to the promotion and maintenance of the wake state, which is characterized by cortical activation and behavioral arousal. Using predominantly glutamate as a neurotransmitter, neurons within the reticular formation of the brainstem give rise to either ascending projections into the forebrain or descending projections into the spinal cord to promote through relays fast cortical activity or motor activity with postural muscle tone. Using acetylcholine, cholinergic neurons in the brainstem project to forebrain relays and others in the basal forebrain to the cortex, by which they stimulate fast gamma activity during waking and during rapid eye movement or paradoxical sleep (PS). Other neuromodulatory systems, such as noradrenergic locus coeruleus neurons, give rise to highly diffuse projections through brain and spinal cord and simultaneously stimulate cortical activation and behavioral arousal. Although such neuromodulatory systems were thought to be redundant, a recently discovered peptide called orexin (Orx) or hypocretin, contained in diffusely projecting neurons of the hypothalamus, was found to be essential for the maintenance of waking with muscle tone, since in its absence narcolepsy with cataplexy occurred. Orx neurons discharge during active waking and cease firing during sleep. Since cholinergic neurons discharge during waking and PS, they would stimulate cortical activation in association with muscle tone when orexinergic neurons are also active but would stimulate cortical activation with muscle atonia when orexinergic neurons are silent, as in natural PS, or absent, as in pathological narcolepsy with cataplexy.
Introduction
An alert, active, and responsive awake state depends upon influences ascending from the brainstem to the cerebral cortex to stimulate cortical activation and descending from the brainstem to the spinal cord to stimulate behavioral arousal with muscle tone (FIG. 1) . These ascending and descending influences arise predominantly from neurons of the reticular formation, which is known to be critical for the maintenance of a waking state. 1, 2 Comprising some 100,000 neurons, the reticular formation contains a minor proportion of GABAergic cells, which are primarily local projection neurons, [3] [4] [5] together with presumed glutamatergic neurons that likely comprise most of the long-projection neurons. 6, 7 Originating predom-inantly from neurons in the rostral pons and midbrain, the projections into the forebrain go mainly to subcortical relay stations, first along a dorsal pathway to the nuclei of the nonspecific thalamocortical projection system and second along a ventral pathway to the lateral hypothalamus and basal forebrain where other neurons in turn project to the cerebral cortex. 8 Originating predominantly from neurons of the caudal pons and medulla, the projections to the spinal cord go mainly to the intermediate zone where other neurons in turn project to sensory or motor neurons. The presumed glutamatergic projection neurons provide tonic or phasic inputs to the forebrain and spinal cord, which serve to facilitate cortical activation or motor activity. 9, 10 Many GABAergic locally projecting and spinally projecting neurons appear to be active during sleep, particularly paradoxical sleep (PS), and could be responsible for the motor disfacilitation and inhibition underlying muscle atonia (FIG. 1) . 11, 12 In addition to the glutamatergic and GABAergic neurons of the reticular formation, other neurons containing modulatory neurotransmitters are distributed FIGURE 1. Cholinergic, orexinergic, and other neurons involved in sleep-wake state control. Sagittal schematic view of the rat brain depicting neurons with their chemical neurotransmitters and pathways by which they influence cortical activity or behavior across the sleep-wake cycle. Wake (W) is characterized by fast gamma activity on the cortical electroencephalogram (EEG) (upper left) and high postural muscle tone on the neck electromyogram (EMG) (lower right); slow wave sleep (SWS) by slow delta EEG and low tone on the EMG; and paradoxical sleep (PS) by fast gamma EEG and atonia on the EMG. Neurons that are active during waking (red symbols) include cells with ascending projections toward the cortex, which stimulate fast cortical activity, and cells with descending projections toward the spinal cord, which stimulate postural muscle tone and behavioral arousal. The cholinergic (ACh) neurons and other glutamatergic (Glu) neurons, which have predominantly ascending projections (red filled arrows), discharge in association with fast EEG activity (gamma+) and cease firing with delta activity (delta−) to be active during W and PS (W-PS, filled red symbols). The orexinergic (Orx), like noradrenergic (NA) locus coeruleus (LC) neurons, give rise to diffuse projections and, together with some putative glutamatergic (Glu) neurons, which have descending projections (red open arrows), discharge in association with behavioral arousal and EMG activity (EMG+) and cease firing with muscle atonia to be active during W and silent during PS (W, empty red symbols). When orexinergic, along with noradrenergic and other neurons, are silent, cholinergic neurons can promote PS with muscle atonia. Neurons that discharge with slow wave activity (delta+) and during SWS include GABAergic neurons (blue triangle) in the basal forebrain. Other GABAergic neurons in the forebrain and brainstem are active during behavioral sleep, including SWS and PS (SWS-PS) and in a manner negatively correlated with EMG (EMG-) such that they could diminish behavioral arousal and muscle tone. in clusters within the brainstem and project in parallel with the reticular neurons to influence forebrain and/or spinal processes.
Cholinergic Systems Stimulate Cortical Activation
Acetylcholine (ACh) has been known to play a critical role in stimulating cortical activation since very early pharmacological studies. 13 Yet, ACh plays this role in waking, during attentive or active states, and also in rapid eye movement (REM) sleep or PS, during immobility, and during complete muscle atonia. Cholinergic neurons can thus stimulate cortical activation irrespective of behavioral arousal or motor activity and muscle tone. Indeed ACh in the brainstem likely even promotes muscle atonia along with other processes of PS, as evident from the elicitation of these by injections of the cholinergic agonist carbachol into the pontine tegmentum. [14] [15] [16] [17] In the brainstem, cholinergic neurons are distributed within the medullary reticular formation from where brainstem and descending projections emerge and within the pontomesencephalic tegmentum in the laterodorsal and pedunculopontine tegmental nuclei (LDTg and PPTg) from where brainstem and ascending projections arise (FIG. 1) . [18] [19] [20] [21] The LDTg and PPTg cholinergic neurons project in parallel with reticular neurons particularly along the dorsal pathway to the thalamus yet also to a lesser extent along the ventral pathway into the lateral hypothalamus and basal forebrain. The basal forebrain relay to the cerebral cortex is comprised importantly of cholinergic neurons located in the magnocellular preoptic (MCPO) nucleus (in the rat) and substantia innominata, as well as the medial septum and diagonal band of Broca more rostrally and medially. 22 Although this relay is composed by other, including GABAergic, projections, 23, 24 the cholinergic component plays a key role in stimulating fast activity, particularly gamma activity , in the cerebral cortex. 13, 25 In single-unit recording studies, identified cholinergic basal forebrain neurons were found to discharge at their highest rates in association with gamma activity during attentive or active Wake (W) and during PS (FIG. 2) . 26 They virtually cease discharge during slow wave sleep (SWS), such that their discharge is positively correlated with gamma activity and negatively correlated with delta activity across the sleepwaking cycle (gamma+/delta−, W-PS; FIGS. 1 and 2). Their pattern of discharge is also unique, manifesting rhythmic bursting during cortical activation that is cross-correlated with, and thus potentially involved in, modulating rhythmic theta activity in the cerebral cortex, including medial prefrontal and retrosplenial (or posterior cingulate) cortex (FIG. 2) . The cholinergic basal forebrain neurons can thus stimulate gamma with theta activity and associated heightened attention or sensory-motor processing. Such processes can occur in absence of behavioral arousal or movement and do occur during PS with muscle atonia, as what we know as dreams.
Cholinergic neurons lie intermingled with a larger population of GABAergic neurons in the basal forebrain. Some of these have a reciprocal profile of discharge to the cholinergic neurons, discharging maximally in association with slow waves and minimally in association with fast cortical activity (gamma−/delta+, SWS; FIG. 1) . [27] [28] [29] Moreover, such slow wave-and slow wave sleep-active cells were found to bear α2-adrenergic receptors (ARs), 30, 31 indicating that they would be hyperpolarized and inhibited by noradrenaline (NA) in contrast to the cholinergic cells, which are depolarized and excited by NA through α1-ARs. 32, 33 Thus, W-PS-active cholinergic neurons would be recruited by other activating systems, including the noradrenergic arising from locus coeruleus (LC) neurons, whereas the SWS-active, GABAergic, basal forebrain neurons would be inhibited by these.
Noradrenergic and Other Diffuse Neuromodulatory Systems Stimulate Arousal
The LC noradrenergic neurons differ from neurons of the reticular formation and from the cholinergic neurons of the brainstem and basal forebrain in that they give rise to highly diffuse projections ascending into the forebrain where they go to the subcortical relay stations and continue directly up to the cerebral cortex and descending into the spinal cord where they go to the intermediate zone but also more directly onto sensory relay, somatic, and visceral motor neurons (FIG. 1) . 8 NA has either excitatory or inhibitory actions upon postsynaptic neurons, depending upon the receptors (above), and has the capacity to directly excite the thalamo-cortical relay neurons and the cholinergic basalo-cortical neurons, as well as cortical pyramidal neurons through α1-ARs, 33, 34 while inhibiting sleep-promoting neurons through α2-ARs. 31 NA also excites motor neurons. 35 Thus, when LC neurons discharge, they can simultaneously stimulate cortical activation and behavioral arousal with muscle tone. In contrast to the cholinergic neurons, LC noradrenergic neurons discharge selectively during waking and cease firing during sleep to be completely off during PS with muscle atonia. 36, 37 They are likely inhibited by local GABAergic neurons during sleep (FIG. 1) . [38] [39] [40] According to their projections and activity, the noradrenergic LC neurons were accordingly once thought to represent an ideal substrate for an arousal system that would control the waking state. Yet, massive destruction of the noradrenergic neurons of the LC in the cat 41 or more recently rat 42 did not result in a comatose state, as large lesions of the reticular formation did, or even a reduction in amounts of waking measured by cortical activation or behavioral arousal. It thus appeared that arousal systems, which also include histaminergic and possibly serotonergic neurons, are highly redundant and that no one system is necessary for the maintenance of a waking state.
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FIGURE 2.
Cholinergic basal forebrain unit. Discharge of a cholinergic basal forebrain neuron across sleep-wake states. (A). Record of a neuron labeled by juxtacellular technique with Neurobiotin (Nb) and identified by immunohistochemistry for choline acetyltransferase (ChAT) as cholinergic in the magnocellular preoptic nucleus (MCPO) of the rat. As evident in 10-s traces (above), the unit fired during active W (aW), virtually ceased firing during SWS, resumed firing during tPS, and discharged maximally during PS. As evident in expanded 0.5-s traces (below), the unit discharged in rhythmic bursts of spikes with theta EEG activity that was present intermittently during periods of aW, toward the end of tPS, and continuously during PS. (B). Average discharge rate (Hz) across the sleep-wake states and transitions 
Orexinergic System Stimulates and Sustains Behavioral Arousal
Surprisingly, a newly identified peptide called orexin (Orx) by one group 44 and hypocretin (Hcrt) by another 45 was subsequently discovered to be necessary for the maintenance of waking and behavioral arousal. Indeed, the absence of this peptide, the receptors to the peptide, or the neurons that contain the peptide in the hypothalamus results in the condition of narcolepsy with cataplexy. [46] [47] [48] [49] In humans, this disease is characterized by excessive daytime sleepiness, sleep-onset REM sleep, and motor paralysis or loss of muscle tone that can occur with sleep and dreaming or with continued conscious awareness of the environment. Like the noradrenergic LC neurons, orexinergic neurons give rise to highly diffuse projections through the forebrain, including the subcortical relays and entire cerebral cortex, the brainstem, and the spinal cord (FIG. 1) . 50 Through these regions, Orx exerts excitatory effects upon select neurons through Orx1 or Orx2 receptors (also called HrctA or HcrtB). [51] [52] [53] [54] [55] [56] It does not appear to exert any direct inhibitory effects. In contrast to NA, Orx thus does not inhibit the GABAergic presumed sleep-promoting neurons but instead very selectively excites the cholinergic neurons of the basal forebrain. 51 It similarly selectively excites neurons of the nonspecific thalamo-cortical projection system and particular neurons in the cerebral cortex. 53, 57 In addition, Orx recruits all the other arousal systems, including the noradrenergic LC neurons, the histaminergic tuberomammillary neurons, and the serotonergic raphe neurons. 52, 54, 56, 58 It also directly excites somatic motor neurons 59 and the sympathetic nervous system. [60] [61] [62] By recruiting central and peripheral systems, Orx can thus stimulate and maintain a waking state with cortical activation and behavioral arousal. Perhaps not surprisingly, by single-unit recording of identified Orx neurons using the juxtacellular technique, they were found to discharge selectively during W and to turn off during sleep, including SWS and PS (FIG. 3) . 63, 64 Their discharge is positively correlated with amplitude of the electromyogram (EMG+, W, FIG. 1) . Even during W, Orx neurons fire in association with muscle tone and movement during active periods (FIG. 3 ). Yet, they increase firing prior to the return of muscle tone with awakening from PS and thus appear to stimulate awakening by recruiting other arousal systems.
From in vitro studies, it was learned that Orx neurons have the unique capacity for sustained excitation and spiking in absence of synaptic input through their intrinsic membrane properties. 65 They would accordingly need to be inhibited during sleep when they cease firing. This inhibition can occur through GABAergic inputs which arise, in part, from basal forebrain neurons with descending projections. 66 Such neurons would likely include those that are active during both SWS and PS (SWS-PS, FIG. 1) and are inhibited by NA.
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Opponent Processes of Cholinergic and Orexinergic Systems Can Determine Normal Behavioral States or Pathologies
Although cholinergic neuronal activity and ACh release reach maximal levels during PS, 26, [67] [68] [69] they are also high during wakefulness, 70 particularly in association with attentive behavior. 71 From very early pharmacological studies, it has been known that enhancement of ACh, by inhibition of its catabolic enzyme acetyl cholinesterase with physostigmine, evokes waking with cortical activation. 72 On the other hand, following depletion of the monoamines (with reserpine in the same study), physostigmine evokes PS with cortical activation and muscle atonia. With local injections of physostigmine or the cholinergic agonist carbachol into the pons, PS with muscle atonia can also be evoked. 14, 16, 17, 73, 74 The agonists act in the pons where cholinergic neurons of LDTg and PPTg project and normally release ACh during PS with muscle atonia (FIG. 1) . 19, 68, 75 Here in the same region, monoaminergic afferents arrive and can oppose the action of ACh in eliciting PS with muscle atonia. 76 Orx fibers also project into the pontine tegmentum and could oppose the action of ACh there. 50, 77, 78 Indeed, block in the synthesis of Orx receptors in the pons by local injection of specific antisense was found to result in PS enhancement and the occurrence of cataplectic-like attacks during the active period in rats. 79 In this region, many reticular neurons bear the Orx2 receptor (Orx2R), 77, 78 which is lacking in narcoleptic dogs. 49 The Orx2R-bearing neurons would be excited by Orx (above). Some large Orx2R-bearing neurons also bear muscarinic 2 receptors (M2Rs), 77, 78 upon which the cholinergic elicitation of PS depends. [80] [81] [82] [83] The M2R is associated with hyperpolarizing responses to ACh through opening of K + channels. 84 Accordingly, the same neurons that would be excited by Orx would be inhibited by ACh. Through putative large reticulo-spinal neurons, Orx could thus facilitate, whereas ACh would disfacilitate, muscle tone and activity. By such opponent processes, Orx could override any inhibitory effects of ACh upon reticulo-spinal neurons when present. Thus, concurrent release of ACh in forebrain and brainstem would be associated with cortical activation in the presence of muscle tone and activity during waking when Orx is also present, but it would be associated with cortical activation in the absence of muscle tone and activity during PS when Orx is naturally absent or in cases of narcolepsy with cataplexy when Orx is pathologically absent. Evoked by strong emotions in humans and dogs, 85 cataplexy might represent the pathological unmasking of an otherwise adaptive response to danger or predation known as "tonic immobility" or "feigning death", a loss of muscle tone with maintenance of cortical activation and awareness. 86 Like PS, tonic immobility and cataplexy are both increased by enhanced cholinergic transmission 73, [87] [88] [89] and could thus result from greater cholinergic activity relative to orexinergic activity.
Summary
Cortical activation is stimulated by cholinergic neurons of the basal forebrain and brainstem during waking with movement but also during attentive waking without movement. It is also stimulated by cholinergic neurons during PS in association with postural muscle atonia and could be so during tonic immobility in certain mammals. Behavioral arousal along with high postural muscle tone and movement is stimulated by orexinergic neurons of the hypothalamus. With the natural cessation of orexinergic activity during sleep, PS or REM sleep with muscle atonia is stimulated by cholinergic transmission. With the pathological loss or decrease of Orx in narcoleptics, cataplexy or muscle atonia can be stimulated by cholinergic transmission to intrude into wakefulness, sometimes in association with REM sleep and dreams or with continued waking and awareness as in tonic immobility.
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